The bioprospecting of potentially mixotrophic microalgae in a constructed wetland was conducted. A locally isolated microalga, Chlorella sp., was grown to determine the effect of temperature, aeration rate, and cultivation time on simultaneous biomass production and nutrient removal from piggery wastewater using central composite design (CCD). The most important variable for the biomass productivity of Chlorella sp. was aeration rate, while that for lipid content and nutrient removal efficiency was cultivation time. Total nitrogen (TN) and total phosphorus (TP) removal efficiencies were higher than that of chemical oxygen demand (COD) from piggery wastewater. The CCD results indicate that the highest biomass productivity (79.2 mg L À1 d À1 ) and simultaneous nutrient removal efficiency (TN 80.9%, TP 99.2%, COD 74.5%) were obtained with a cultivation temperature of 25 W C, a cultivation time of 5 days, and an air aeration rate of 1.6 L L À1 min À1 . Palmitic acid (C16:0) and linoleic acid (C18:2) were both abundant in Chlorella sp. cells under mixotrophic cultivation with piggery wastewater.
INTRODUCTION
Microalgae have received interest as alternative resources for biodiesel, due in part to their faster growth compared with those of other energy crops and their ability to assimilate inorganic carbon from industrial flue gas, reducing carbon emissions. However, major limitations of microalgae biofuel production include low efficacy and high cost. Clarens et al. () studied the environmental impacts of algae production, and found that they were higher than those for conventional energy crops in terms of energy use, greenhouse gas emissions, and water resources. Moreover, algae cultivation requires much more fertilizer than that required for energy crops. Only in terms of total land use and eutrophication potential did algae perform favorably. In order to reduce these impacts and the cost of algal biomass, wastewater treatment has been integrated with microalgal biomass production (Clarens et al. ; Pittman et al. ) .
Biodiesel production from algae is significantly affected by factors such as cultivation method, culture system, algae species, biomass harvesting, and oil extraction. Each factor influences cost and efficacy. For example, there are four major types of cultivation conditions, namely photoautotrophic, heterotrophic, mixotrophic, and photoheterotrophic cultivation. The cultivation condition significantly influences the growth characteristics and composition of microalgae. Some mixotrophic microalgae grown in the presence of an appropriate carbon source have been shown to have a higher lipid content than those grown under photoautotrophic conditions alone (Sevilla et al. ) . The mixotrophic Nannochloropsis sp. grown in the presence of 2 g L À1 glycerol resulted in higher fatty acid methyl esters (FAMEs) productivity, an increase of over 72% compared with photoautotrophic culture (Das et al. ) . Li et al. () demonstrated that for Chlorella sorokiniana cultured with the addition of 4 g L À1 glucose, the specific growth rate (3.40 d À1 ) and maximum biomass dry weight (DW, 3.55 g L À1 ) of the mixotrophic culture were 1.8-and 2.4-fold higher than those of the heterotrophic culture, and 5.4-and 5.2-fold higher than those of the photoautotrophic culture.
The mixotrophic cultivation of microalgae in wastewater not only leads to higher biomass and lipid content than those obtained with autotrophic cultivation, but also degrades wastewater nutrients, which may offer a sustainable and environmentally friendly means for biofuel production (Brennan & Owende ; Pittman et al. ) . There are few reports on the availability of integrating microalgal biomass production with wastewater treatment. Chlorella pyrenoidosa in soybean processing wastewater has been demonstrated to attain an average biomass productivity of 0.64 g L À1 d À1 and an average lipid content of 37%, and simultaneously to remove 78% of soluble organic carbon, 89% of total nitrogen (TN), and 70% of total phosphate (Su et al. ) . Sydney et al. () found that Botryococcus braunii is able to remove N and P nutrients (79.63%) from treated domestic wastewater, and accumulate oil with a dry biomass of up to 36%.
One of the crucial roles of using microalgae for making biodiesel is the lipid/oil content of microalgae. The lipid accumulation of microalgae in wastewater mainly depends on algal species and growth conditions, especially the nutrients condition (Chisti ; Pittman et al. ) . Excessive nutrient concentration can inhibit algal growth (Metcalf & Eddy ; Kong et al. ) . However, lipid content is normally increased as the nutrient is limited, i.e., nitrogen-or phosphorus-limiting. As a result, despite very high lipid content being induced, the cell growth rate is often very low, limiting lipid productivity (Lynn et al. ; Scragg et al. ) . Hence, high lipid productivity associated with biodiesel production needs both lipid content and suitable nutrient ratio for microalgae growth in wastewater. Li et al. () reported that Scenedesmus sp. in an artificial medium at a 5-8:1 N/P ratio can efficiently remove both nutrients. This microalga also led to the accumulation of lipids (30% vs. 53%) when N or P was limited. Zhu et al. () reported that over 60% TN, 88% total phosphorus (TP), and 66% chemical oxygen demand (COD) were respectively removed by Chlorella zofingiensis from piggery wastewater, while the highest biomass productivity (296.16 mg L À1 d À1 ) and lipid productivity (110.56 mg L À1 d À1 ) were seen in the 1,900 mg L À1 COD culture.
Algal growth in wastewater that contributes to renewable energy production and wastewater treatment might be a promising strategy. Furthermore, it has been suggested that indigenous mixotrophic strains have intrinsic characteristics lacking in type culture collections and genetically engineered organisms (Wilkie et al. ) . The present study investigates the seasonal variations of microalgae in a constructed wetland, which mainly receives domestic and piggery wastewater, and bioprospects a local mixotrophic strain for biomass production and simultaneous nutrient removal. An experimental design was implemented to examine the correlations among temperature, aeration rate, and cultivation time, which affect microalgal biomass production and nutrient removal rate from wastewater. Preliminary studies were conducted to evaluate the composition of the obtained biodiesel (FAMEs).
MATERIALS AND METHODS

Collection and isolation of microalgal samples
Water samples (10 L each) were taken at three depths (0.2 m, 0.5 m, 0.8 m below the surface) of the water column at Linluo constructed wetland in southern Taiwan (20 o 39 0 02″N; 120 o 31 0 38″E). The whole Linluo constructed wetland consists of four compartments, including the first fully vegetated zone, the open-water surface zone, the second fully vegetated zone, and an ecological open-water pond, covering an overall surface water area of 3.49 ha. The hydraulic retention time designed after the first three sequential compartments is 4.3 days. The average water depth of Linluo constructed wetland was less than 1.5 m. A composite water sample containing 1,000 mL of each sample, 3 L in total, was collected. After thorough mixing, a final 1 L water sample was then collected and preserved by adding 3 mL of Lugol's iodine solution (APHA ). The water sample was stored in a transparent plastic bottle in a dark environment and sent to the laboratory within 24 h for algal cell identification and isolation. The strains were identified for taxonomy using Standard Methods (APHA ) and morphology.
Microalgal culture
One of the dominant green algal species, Chlorella sp., was isolated from the sample water and cultured in a medium according to a method given by Norris et al. () . The microalgae that reached enough seed culture were inoculated in batch mode in a 1-L modified serum bottle containing 600 mL of pretreated piggery wastewater. The bottles were placed in the incubator, which continuously provided 5 kLux of illumination. The piggery wastewater was collected from the effluent of a wastewater treatment plant of a local pig farm in southern Taiwan. The piggery wastewater effluent was filtered through a 0.45 μm membrane and sterilized before the experiments. Before the start of the experiments, the strain was cultivated in piggery wastewater for three generations to obtain stable characteristics. According to the experimental design, the strain was incubated under various aeration rates (volume of air aerated per unit time per unit volume of substrate (vvm)) (0-1.6 air L L À1 min À1 ), incubation temperatures (15-35 W C), and cultivation times (1.5-8.5 days), and then harvested for experiments.
Experimental design
A central composite design (CCD) was used to optimize the biomass production (Box et al. ). The CCD had three factors, namely temperature, aeration rate, and cultivation time, at five levels, coded as À1.68, À1, 0, 1, and 1.68, respectively. Table 1 shows the real and coded values of the factors in the experimental design. The CCD was used to determine the joint effects of three factors on a particular response. The CCD was also used to determine the individual and cumulative effects of these variables and the mutual interactions between them. The complete design consisted of 16 runs, which were performed in duplicate to optimize the levels of the selected variables. Data processing and calculations were carried out using a commercial statistical package, STATISTICA 9.0, to estimate the coefficients of the regression equation. The equations were validated using analysis of variance (ANOVA) to determine the significance of each term in the fitted equations and to estimate the goodness of fit in each case.
Analytical methods
Cell staining
A 10-mL sample of microalgal suspension was mixed with 40 μL of 250 mg L À1 Nile Red solution dissolved in acetone (95%) and agitated on a shaker with a 900-rpm vibration speed at room temperature for 10 min. The stained cells were immediately observed and imaged using a fluorescence microscope (ECLIPSE 400, Nikon, Japan) with a 480-nm narrow-band excitation filter and a 570-590-nm emission filter.
Biomass concentration and lipid content
The DW of the microalgal biomass was determined gravimetrically. A known volume of microalgal culture was collected and dried at 90 W C for 3 h. The growth rate (μ)
was calculated according to the equation μ ¼ (ln A 1 -ln A 0 )/(T 1 -T 0 ), where A 1 and A 0 are the DWs of the microalgal biomass at times T 1 and T 0 , respectively. The DW of cells was obtained using an analytical balance with a precision of 0.1 mg. The biomass concentration (mg L À1 ) is expressed as the DW of the microalgal biomass.
A stock culture of Chlorella sp. cells was collected by centrifugation at 2,000 rpm for 10 min (CR22G III, Hitachi, Japan). The precipitated algal cells were washed and resuspended in deionized water in triplicate. Cells were collected by centrifugation and then dried in a freeze dryer at À80 W C at about 30 Pa. The microalgal total lipids were extracted with n-hexane/methanol (2/1, v/v) in a Soxhlet extractor and quantified gravimetrically. The lipid content (g g À1 ) is expressed as the DW of the microalgal biomass. The biomass productivity was calculated from cultivation time (d) and biomass concentration (mg L À1 ).
Nutrients analysis
The samples were first filtered through a 0.45-μm membrane, and then the filtrate was properly diluted and analyzed for COD, TN, and TP. COD, TN, and TP concentrations were determined according to Standard Methods (APHA ).
The characteristics of piggery wastewater used in this experiment were COD of 135.5 ± 6.4 mg L À1 , TN of 100.5 ± 1.4 mg L À1 , and TP of 3.5 ± 0.1 mg L À1 .
Extraction method and analysis of FAMEs
Freeze-dried biomass (0.1 ± 0.002 g) was placed in 50-mL Teflon-capped Pyrex tubes and mixed with a premixed homogeneous solution of NaOH catalyst (2.5 wt.%) and methanol. Then, 8.0 mL of alkali catalyst was added to the tubes. The reaction mixture was heated at 60 W C for 30 min, with the samples well-mixed during heating. After the reaction was completed, the tubes were allowed to cool to room temperature. Then, 8 mL of an acid catalyst (HCl:methanol, 5.8 vol.%) and 10 mL of a boron trifluoride/methanol solution were added to the tubes in a water bath at 100 W C for 15 min. After the reaction was completed, the tubes were allowed to cool to room temperature. Purification of the solution was achieved by using 2 mL of saturated sodium chloride solution, and then 4 mL of an extracting solvent (hexane) was added to each tube. The upper solvent layer containing FAMEs was collected and analyzed using gas chromatography. FAME analysis was performed using a gas chromatograph with an autosampler (Agilent 7820A, USA), a flame ionization detector, and a DB-23 Agilent column (length: 60 m, ID: 0.25 mm, film: 0.25 μm). Hydrogen was used as the carrier gas at a constant flow rate of 40 mL min À1 . The injector was held at 250 W C while the detector was kept at 300 W C. The oven was at 50 W C initially, ramped to 175 W C at 25 W C min À1 , ramped again to 230 W C at 4 W C min À1 for 4 min, and finally held at 230 W C, giving a total heating time of 23.75 min. FAMEs were identified by comparing their retention times with those of a 37-component FAME mix (Supelco, USA) and quantified by comparison with the prepared calibration curves.
RESULTS AND DISCUSSION
Collection and isolation of microalgal strains and characteristics of microalgae stained with Nile Red
Isolation of indigenous mixotrophic microalgae strains is an important prerequisite for simultaneous biomass production and nutrient removal from wastewater. A total of four phyla (27 total species), namely Bacillariophyta (12 species), Chlorophyta (nine species), Euglenophyta (two species), and Cyanophyta (four species), were found in the local wetland sample, as presented in Figure 1 . Bacillariophyta and Chlorophyta made up the most significant proportion of the community composition. The combined number of species determined each season (monitored for 1 year) ranged from 84.1% to 95.6% (data not shown). Chlorophyta accounted for the most species. One species of the Chlorophyta Chlorella sp. was the most abundant strain (average of 43.31 × 10 3 cells mL À1 ). The second most abundant strain was Scenedesmus sp. (average of 39.23 × 10 3 cells mL À1 ). Figure 2 (a) and 2(b) show microscopy images of Chlorella sp. without and with Nile Red staining, respectively. After staining with Nile Red, strong yellow-gold signals were detected in stained cells, indicating lipid content (Figure 2(b) ). Chlorella sp. is a potential strain for algae biomass production (Chen et al. ).
Effects on biomass production
In order to find the best conditions for biomass production using piggery wastewater as a substrate, an experimental CCD was used. The variable parameters recorded during the experiment were temperature, aeration rate, and cultivation time, which can be utilized for the scale-up process for biomass production. Table 2 shows the individual and interactive effects and the statistical significance of the test variables for the biomass productivity of Chlorella sp. The significance of a coefficient increases with increasing magnitude of the F value and decreasing P value. F values with a very low probability (P < 0.05) indicate a very high significance for the corresponding coefficients. The linear and quadratic effects on biomass productivity of temperature, aeration rate, and cultivation time were found to be highly significant (P values <0.05). The variable with the largest effect on biomass productivity (26.183 mg L À1 d À1 ) was aeration rate. A positive sign here in the effect indicates a synergistic effect, i.e., increasing the aeration rate (from 0.3 to 1.6 L L À1 min À1 ) increased the biomass productivity. This result indicates that aeration rate plays a crucial role in the biomass production of Chlorella sp. This finding is similar to those of the Cyanophyta Spirulina platensis, whose cell growth and gamma-linolenic acid content were primarily affected by aeration rate (Ronda et al. ) . Sánchez et al. () reported that the growth rate, biomass productivity, and protein content of Chlorella pyrenoidosa increased with increasing aeration rate (from 0 to 2 L L À1 min À1 ) when cultured in olive-mill wastewater.
The interactive effect of aeration rate and respective cultivation time and temperature on biomass productivity is shown in Figure 3 . The optimal aeration rate and temperature are respectively 1.2 L L À1 min À1 and 25 W C in this case (higher values did not further improve biomass productivity). Furthermore, the effect of temperature on biomass productivity was less significant than that of aeration rate, probably due to suitable mixing enhancing cell growth.
The effect of all linear terms (temperature, aeration rate, and cultivation time) on lipid content was found to be more significant than the quadratic effect (Table 3) . This is due to the variables in quadratic effects having a high P-value (P > 0.05), resulting in no curvature with the lipid content. Figure 4 shows the interactive effect of temperature-aeration rate and temperature-cultivation time on lipid content. No significantly optimal conditions were found. However, for lipid content, the most important factor (lowest P value) was cultivation time (P ¼ 0.014) ( Table 3) . Increasing aeration rate and cultivation time increased the lipid content of Chlorella sp. (positive effect), whereas increasing temperature decreased it (negative effect).
Effects on nutrient removal
The individual and interactive effects and the statistical significance of the test variables for nutrient removal (TN, TP, and COD) by Chlorella sp. are shown in Table 4 . Except for COD removal, the linear and quadratic effects of nutrient removal for temperature, aeration rate, and cultivation time were found to be highly significant, similar to those of biomass productivity. COD removal was significantly controlled by only the linear effect of all the variables, similar to that of lipid content. It was found that the most important variable for nutrient removal was cultivation time. The removal efficiencies of TN, TP, and COD increased by 27.61%, 2.55%, and 18.52%, respectively, when cultivation time was increased from 2.9 days to 8.5 days. This implies that cultivation time is very important when integrating wastewater treatment with the biomass production of mixotrophic Chlorella sp. Table 4 also shows that the interactive effects on nutrient removal by any two variables were less significant than individual effects, similar to the results for biomass productivity and lipid content. Figure 5 shows the interactive effect of aeration rate and respective cultivation time and temperature on TN, TP, and COD removal efficiency. The mixotrophic cultivation conditions for maximum TN removal by Chlorella sp. were a cultivation time of 7 days, an aeration rate of 1.2 L L À1 min À1 , and a temperature of 25 W C. These cultivation conditions also led to maximum TP removal by Chlorella sp. (Figure 5 (c) and 5(d)). However, for mixotrophic cultivation of Chlorella sp. in piggery wastewater, the highest COD removal efficiency was observed with a cultivation time of 7 days and a temperature of about 20 W C. Under these conditions, COD removal efficiency increased with increasing aeration rate. COD removal efficiency was lower than those of TN and TP. The average removal efficiencies of TN, TP, and COD for all tests were 60.3 ± 19.7%, 97.6 ± 2.3%, and 50 ± 14.2%, respectively (data not shown). COD removal was less effective due to the microalgae using the organic carbon in piggery wastewater as part of their carbon source, while CO 2 was also assimilated through air aeration in this study. A similar finding was reported by Wang et al. () , who applied Oedogonium sp. to remove nutrients from digested piggery wastewater. Effects on biomass production and simultaneous nutrient removal Table 3 summarizes the individual and interactive effects and the statistical significance of the test variables on lipid content of Chlorella sp. The most statistically significant variable for biomass productivity was aeration rate, and that for lipid content and nutrient removal efficiency was cultivation time (Table 5 ). Considering biomass production and simultaneous nutrient removal at 25 W C and 5 days of cultivation, the effects of aeration rate on nutrient removal, lipid content, FAME yield, and composition are shown in Figure 6 . Except COD removal, with a 0.8 L L À1 min À1 aeration rate, high plateau nutrient removal efficiencies (76.5% TN, 98.8% TP) were achieved; a higher aeration rate did not further significantly improve TN and TP removal. COD removal efficiency increased with increasing aeration rate, similar to the previous discussion ( Figure 5(e) ). Figure 6 (c) shows the effect of aeration rate on the FAME yield of mixotrophic Chlorella sp. The FAME yield accounts for the ability of biomass production in piggery wastewater. Although aeration rate did not affect lipid content, which is consistent with Table 3 , the FAME yield significantly increased with increasing aeration rate. This is due to increased aeration rate increasing biomass productivity. Figure 6(d) compares the FAME composition of mixotrophic Chlorella sp. grown in piggery wastewater. The microalgae produced fatty acids, comprising mainly palmitic acid (C16:0), cis-heptadecanoic acid (C17:1), oleic acid (C18:1), linoleic acid (C18:2), and linolenic acid (C18:3). C16:0 and C18:2 were abundant in Chlorella sp. cells under mixotrophic cultivation, similar to the findings reported for this microalga cultured with digested dairy manure (Wang et al. ) . The combined percentages of these two fatty acids were 62.7%, 72.5%, and 61.6% of the total fatty acids for aeration rates of 0, 0.8, and 1.6 L L À1 min À1 , respectively. No significant change in FAME composition with aeration rate was observed.
CONCLUSION
The present study bioprospected local mixotrophic microalgae to determine the effects of temperature, aeration rate, and cultivation time on biomass production and simultaneous nutrient removal from piggery wastewater. It was concluded that: (1) Chlorella sp. was the most abundant strain in the constructed wetland during 1 year of monitoring; (2) the most statistically significant variable for biomass productivity of Chlorella sp. was aeration rate, and that for lipid content and nutrient removal efficiency was cultivation time; and (3) higher biomass productivity and simultaneous nutrient removal efficiency by mixotrophic Chlorella sp. was achieved under the conditions of a temperature of 25 W C, a cultivation time of 5 days, and an aeration rate of 1.6 L L À1 min À1 . 
